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ABSTRACT The physiological importance of weak interactions between biological macromolecules (molar dissociation con-
stants .10 mM) is now well recognized, particularly with regard to cell adhesion and immunological phenomena, and many
weak interactions have been measured for proteins. The concomitant importance of carbohydrate-carbohydrate interactions
has also been identiﬁed, although no weak interaction between pure carbohydrate systems has ever been measured. We now
demonstrate for the ﬁrst time to our knowledge using a powerful probe for weak interactions—sedimentation velocity in the
analytical ultracentrifuge—that at least some carbohydrates (from the class of polysaccharides known as heteroxylans and
demonstrated here to be biologically active) can show well-deﬁned weak self-interactions of the ‘‘monomer-dimer’’ type fre-
quently found in protein systems. The weak interaction between the heteroxylans is shown from a temperature dependence
study to be likely to be hydrophobic in nature.
INTRODUCTION
Weak interactions between macromolecules underpin many
cellular processes and are particularly important where tran-
sient assembly processes and reversible cell adhesion and
immunological recognition phenomena are involved (1–4).
For example, transient interactions between leucocytes have
long been known to be critical for the normal function of the
immune system (5,6). Cell-cell adhesion involves the forma-
tion of multiple cell adhesion molecule complexes at the cell
surface, and if cell deadhesion is to occur, these complexes
need to be disrupted. The afﬁnities of cell adhesion molec-
ular interactions must be weak to allow this reversible dead-
hesion of cell-cell interactions (2,3) and this is precisely what
has been observed (7–20). Much of the attention of researchers
has been devoted to protein-protein interactions (PPIs) al-
though the signiﬁcance of carbohydrate-protein interactions
(CPIs) and carbohydrate-carbohydrate interactions (CCIs)
has also been identiﬁed (21).
Molecular interaction strengths are conveniently repre-
sented in terms of equilibrium dissociation constants, Kd,
whose units are conventionally M, mM, or nM: the larger the
Kd the weaker the interaction. Interaction strengths (1) are
conventionally regarded as ‘‘strong’’ (Kd , 100 nM),
‘‘moderate’’ (100 nM to 10 mM), or ‘‘weak’’ (.10 mM).
The CCIs measured so far have been found to be generally in
the ‘‘tighter’’ end of the binding range as compared to PPI/
CPIs, and nothing has been observed in the important
‘‘weak’’ region (10s and 100s of mM level) associated
with—and reported for—cell adhesion and immunological
phenomena (Table 1). One of the reasons given for the ab-
sence of data in this important physiological region has been
the difﬁculty in measuring such interaction strengths in this
range (4) although the greater availability of hydrodynamic
methods—preferred tools for looking at weak interactions
(22,23)—now renders this region accessible for study. Using
this technology we can now demonstrate for the ﬁrst time to
our knowledge that carbohydrates from a class of polysac-
charide known as the heteroxylans can show well-deﬁned
weak self-interaction at the level frequently found in protein
systems. This observation is particularly interesting in that
many of these hemicellulose polysaccharides exhibit immu-
nostimulatory and complement activation properties (24–30).
The demonstration that weak interactions are possible in car-
bohydrates may help toward a proper understanding of the
mechanisms involved in such behavior.
Heteroxylans
Hemicelluloses are the second most abundant group of bio-
polymers on this planet, and of these the heteroxylans are one
of the most important polysaccharides of this group. They
consist of b(1/4) linked D-xylopyranosyl residue back-
bone with side chains of a(1/3) linked L-arabinofuranose
residues (31) (Fig. 1) and are often conjugated with phenolic
acids such as ferulic acid and p-coumaric acid (32–35). In the
extraction and puriﬁcation of these polysaccharides, alkali
treatment followed by ultrasound-assisted water extraction
is normally required to remove starch and proteins (36,37), a
process which also reduces the phenolic acid content. Although
heteroxylan is mainly used as a dietary ﬁber, it has recently
been reported that heteroxylans can act as immunostimula-
tors and activate human macrophages and that they can in-
hibit microbial adhesion (25,28–30,38–40).
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Three heteroxylans (PO2, PO5, PO6) were chosen with
different bioactivities (Fig. 2) and different severities of
extraction (PO6.PO5.PO2). The particular approach we
have adopted to investigate possible self-association phe-
nomena in these substances is sedimentation velocity ana-
lytical ultracentrifugation (41).
Polysaccharides are more difﬁcult molecules to study
compared to proteins because of their polydispersity (i.e.,
they are characterized by sedimentation coefﬁcient distribu-
tions rather than by single values). But provided that the
average sedimentation coefﬁcient, sw, can be reasonably
deﬁned, this enables us to study the effect of variation in
solute concentration on sw and thus help us assess associative
behavior in terms of Ka—the molar association constant, or
more conventionally, Kd. Such a computation requires that
nonspeciﬁc or ‘‘nonideality’’ interaction effects (42) need to
be taken into account. We take advantage of newly written
software to achieve optimal ﬁtting via a nonlinear least
squares (Levenberg-Marquadt (43)) approach, improving on
a ‘‘trial and error’’ ﬁtting algorithm approach used earlier to
study the weak interaction between the cell adhesion mole-
cules CD2 and CD48 (15).
MATERIALS AND METHODS
Heteroxylans
Samples PO2, PO5, and PO6 were prepared from wheat bran by the multi-
step extraction procedure described by Hroma´dkova´ and co-workers (44).
After separation of mechanically nonremoved starch particles from wheat
bran by cold water decantation, the destarched bran (PO) was treated in
succession with 1% NH4OH and 0.5% NaOH at room temperature for 2 h,
yielding the fraction known as PO2 and after dialysis used to separate salts
and low-molecular products. The destarched bran was reﬂuxed with iso-
propanol and the residue was successively treated with pectinase in acetate
buffer of pH 6.1 at 25C for 52 h and then ﬁnally heated at 100C for 15 min
to solubilize pectic substances. A part of the solid residue was extracted
TABLE 1 Summary of the range of molecular interactions in
biological systems
Interaction Strength, Kd
Enzyme inhibitor:enzyme ;0.01 nM
Cytokine:receptor ;1 nM
Antibody:antigen ;10 nM
Cell-cell recognition molecules 10–200 mM
CD2:CD58 ;10 mM (14)
2B4:CD48 10 mM (16)
KIR:MHC I 10 mM (18,19)
CD28:CD86 20 mM (17)
CD2:CD48 50 mM (15)
CD8:MHC class I 50–200 mM (7–11)
CD4:MHC class II .200 mM (12,13)
For other interactions, see van der Merwe and Davis (3).
FIGURE 1 Chemical structure of heteroxylan (from Fincher and Stone
(31)). The linear backbone of the (cereal) heteroxylan chains consists of
b-(1/4)-linked D-xylopyranosyl residues (Xylp) to which single a-L-
arabinofuranosyl residues are attached at position 3 and/or both 2 and
3 positions of the Xylp residues as well as a small amount of 2-linked a-D-
glucuronopyranosyl uronic acid units. Some galactose- and glucose-containing
disaccharide side chains are found as well as phenolic acids (ferulic acid,
p-coumaric acid, etc.), which esterify the arabinofuranosyl residues at posi-
tion C-5.
FIGURE 2 Bioactivity of heteroxylans PO2, PO5, and PO6. (a) Lym-
phocyte activation test for heteroxylans (i) mitogenic activity, and (ii)
comitogenic activity. The test is essentially as described by Iribe and Koga
(49) adapted for plant polysaccharides (29,50). (b) Complement ﬁxation
activity of heteroxylans. Based on the procedure of Michaelsen et al. (51)
and Nergard et al. (52).
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using 0.5 M NaOH at room temperature for 2 h, and from the extract fraction
PO5 was recovered by dialysis of the neutralized extract and then freeze-
dried. From the second part of the residue, fraction PO6 was prepared by the
same procedure but with saturated Ca(OH)2 as the extracting agent.
Before all experiments, samples were dissolved in a phosphate-chloride
(pH 7.0, I ¼ 0.1 M) buffered solution (45) in screw-capped tubes with
constant stirring at low speed. During this period, the temperature was raised
to 80.0C for 10 min to obtain maximum solubility. Stirring continued at
room temperature (20.0C) overnight at low speed. Samples were then
subjected to preparative centrifugation at 40,000 rpm for 15 min (Beckman
L8-55 M Ultracentrifuge, Beckman Instruments, Palo Alto, CA) to remove
any insoluble particles or aggregates. Solution concentrations were esti-
mated using a differential refractometer (Atago DD5, Jencons Scientiﬁc,
Leighton Buzzard, UK) and a refractive index increment, dn/dc, of 0.151
mL/g (46).
Composition analysis
Residual protein content was calculated as percentage nitrogen3 6.25 using
an Elemental Analyser (Perkin-Elmer, Model 240, Wellesley, MA). Samples
were hydrolyzed in 2 M TFA (2,2,2 triﬂuoroacetic acid) for 2 h to measure
the monosaccharide composition (47) using article chromatography and gas-
liquid chromatography of alditol triﬂuoroacetates (Hewlett-Packard, Model
HP 5890, Palo Alto, CA). The amount of feruloyl groups (mg FA/g sample)
was determined using a spectrophotometer (48) by direct absorbance mea-
surement at 375 nm of freshly prepared solutions of hemicelluloses (0.5 mg/
mL) in 0.07 M glycine-NaOH buffer (pH 10.0) with the Specord M-20
ultraviolet-visible spectrophotometer (Zeiss, Jena, Germany). A calibration
curve was constructed using ferulic acid as standard.
Lymphocyte transformation test
The method described by Iribe and Koga (49) was followed to study the
level of bioactivity (29,50). Rat thymocytes (strain Wistar, males weighing
;200 g) in Roswell Park Memorial Institute-1640 medium supplemented
with 5% fetal calf serumwere cultivated at 1.53 106 cells in 0.2 mL per well
with or without 25 mg/mL of the T-mitogen phytohemagglutinin (PHA).
Test compounds were added at ﬁnal concentrations of 3, 10, 30, 100, 300,
and 1000 mg/mL. After 72 h of cultivation, thymocyte proliferation was
measured by incorporation of 3H-thymidine expressed in counts per minute
(cpm). In each of three independent experiments, mean cpm for each set of
four replicas was used to calculate the stimulation indices (SI).
Complement ﬁxation activity
The procedure of Michaelsen et al. (51) and Nergard et al. (52) was followed
and is based on the inhibition of hemolysis of antibody-sensitized sheep
erythrocytes by human sera. The percentage of inhibition of lysis ¼ 100 3
(Acontrol  Asample/Acontrol).
Sedimentation velocity experiments
An Optima XL-I analytical ultracentrifuge (Beckman Instruments) was
employed equipped with a Rayleigh interference optical system. Solutions
(380 mL)/reference solvent (400 mL) were injected into double sector,
carbon-ﬁlled 12-mm path length centerpieces and then loaded into an 8-hole
titanium rotor. Solutions of PO2, PO5, and PO6 were run at a rotor speed of
40,000 rpm and a temperature of 20.0C. PO5 solutions were also measured
at temperatures of 5.0C and at 30.0C. Changes in the concentration dis-
tribution in the ultracentrifuge cell as a function of time were analyzed using
the so-called least squares g*(s) methods incorporated into the ﬁnite-
difference algorithm SEDFIT (53,54), with scans taken every 4 min. Scans
were used from attainment of meniscus depletion (typically after 901min at
20C) up to the point at which the midpoint of the boundary had traversed a
further ;20% of column length—which meant that ;40 scans were ana-
lyzed depending on the temperature of the measurement (more scans were
used at 5C, where the sedimentation rates are slower because of the higher
viscosity of the solvent, than at 30C. A regularization setting was set at 0.68.
The weight average s for a particular component was then corrected to
standard solvent conditions (density and viscosity of water at 20C) to yield
s20,w (S) (55). The s20,w was measured at a range of concentration, c, for all
samples. The s20,w vs. c dependence was then analyzed using the routine
MONOMER-DIMER to yield estimates for the zero concentration or ‘‘ideal’’
value s020;w and the association constant ka (mL/g), and hence the molar
association constant Ka (mM
1) if the molar mass (molecular weight) M of
the monomer species is known. MONOMER-DIMER is a locally written
algorithm deﬁned within the software pro Fit (Quantum Soft, Zu¨rich,
Switzerland). It derives from the original work of Gilbert and Gilbert (56),
adjusted to take into account the hydrodynamic dependence (nonspeciﬁc or
‘‘nonideality’’ effects) of the (weight-averaged) s value of the sedimenting
species (57,58). ks for the monomer species was computed independently,
knowing the molecular weight and s020;w values and the partial speciﬁc vol-
ume. The ks for the dimer was assumed to be identical, and both were ﬁxed
in the ﬁtting (58). The equations employed in this ﬁtting are derived as
follows. From the law of mass action, we solve in the conventional manner
for the roots of a quadratic expression, thus providing the degree of asso-
ciation (a) of monomer units to dimers, in terms of the total solute concen-
tration, c:
A ¼ 2Kac; B ¼ ð4Kac1 1Þ; C ¼ 2Kac; (1)
where Ka, the molar association constant, ¼ 1/Kd. A, B, and C are related
by the following quadratic equation
a ¼ ð1Þ3ðB1 ðB3B 4ACÞ0:5Þ=2A (2)
with
cmonomer ¼ ð1 acÞ; cdimer ¼ ac (3)
and from which we compute relevant s values over all c values to be ﬁtted:
smonomer;c ¼ s0monomerð1 ksc ððc2V2s ð2fp  1ÞÞ=
ðf2pÞÞÞ=ðksc 2cVs1 1Þ
(4)
sdimer;c ¼ s0dimerð1 ksc ððc2V2s ð2fp  1ÞÞ=ðf2pÞÞÞ=
ðksc 2cVs1 1Þ;
(5)
where s0monomer and s
0
dimer are the sedimentation coefﬁcients at inﬁnite dilu-
tion of the monomer and dimer species, respectively, Vs is the swollen
speciﬁc volume of the species (taken here as 1.4 mL/g), and fp is the
maximal packing volume, assumed to be identical for both species and taken
as equal to 0.45 v/v (the precise value assumed is virtually irrelevant for
ﬁtting of these dilute solutions).
The weight-averaged sedimentation coefﬁcient (sw, in which the sub-
script ‘‘w’’ denotes the nature of the average) at (total) concentration, c, is
then given by
sw;c ¼ ðcmonomer;c3 smonomer;c1 cdimer;c3 sdimer;cÞ=c; (6)
and in the function MONOMER-DIMER we carry out a conventional ﬁt
(Eqs. 1–6) within pro Fit with initial values chosen by manual ﬁtting and
ﬁnal results obtained via a Marquadt-Levenberg algorithm, which returns
error estimates for the parameter Ka. In these analyses Ka and s
0
monomer are
ﬂoated as variables. The s0dimer value was computed from s
0
monomer on the
assumption that to an approximation, s0dimer ; s
0
monomer 3 2
2/3. By varying
this calculated s0dimer value over a range, it was shown that the level of
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variation in Ka estimates resulting was within the size exclusion of the
estimate of Ka (as is expected for weak interaction). The values for ks for
the monomer (typically close to 22 mL/g at 20C) were computed from the
equation of Rowe (42):
ks ¼ 2vðVs=v1 ðf =f0Þ3Þ (7)
using vales of 0.63 mL/g for the partial speciﬁc volume and 1.4 for the
swelling ratio Vs/v: The frictional ratio was computed conventionally from
the molecular weight, sedimentation coefﬁcient, and partial speciﬁc volume
via the software package BIOMOLS (http://www.nottingham.ac.uk/ncmh).
Finally, an estimate for Kd was obtained from the reciprocal of Ka.
The above theory has been derived for the case of a single monomeric
species, undergoing association to the dimer level, the resultant mixture
being characterized by its weight-averaged sedimentation coefﬁcient. Clearly
in our case, where we have a polymeric species of narrow distribution, we
have a whole set of self-interactions taking place. However, since the weight-
averaged s value of two distributions, each of which is a weight-averaged
distribution must, of algebraic necessity, be itself a weight-averaged value
over the whole distribution, we consider that the approach will be valid to a
level more than adequate for making an ‘‘interaction/no interaction’’ judg-
ment and to giving a reasonable estimate for its strength. We have also
assumed the interaction is monomer-dimer and proceeds no further within
the concentration range (limited by the solubility of the polysaccharide)
studied. If the association were to proceed indeﬁnitely, because of the
weakness of the association the levels of n-mers higher than dimer would not
be signiﬁcant.
Molecular weight determination
A value for the (weight average) molecular weightMw for each of PO2, PO5,
and PO6 was required to enable conversion of kd values to molar disso-
ciation constants, Kd. Size exclusion chromatography (SEC) coupled with
multiangle laser light scattering (MALLs) was used. The chromatographic
assembly consisted of an high-performance liquid chromatography pump
(Model PU-1580, Jasco, Tokyo, Japan), a Rheodyne injection valve (Model
7125, Rheodyne, St Louis, MO) ﬁtted with a 100-mL loop, a Phenomenex
guard column (Phenomenex, Macclesﬁeld, UK), TSK (Tosoh Bioscience,
Tokyo, Japan) Gel G4000 PW connected in series with TSK Gel G3000 PW.
The angular scattering envelope was recorded using a Dawn DSP MALL
photometer, and concentration was determined using an Optilab 903
interferometric refractometer (both instruments from Wyatt Technology,
Santa Barbara, CA) with phosphate buffer saline as mobile phase. The SEC-
MALLs system was equilibrated overnight with the phosphate-chloride buffer
at ﬂow rate of 0.8 mL/min and room temperature. Samples (100 mL) with
accurately know concentration and ﬁltered through 0.45-mm ﬁlters (What-
man, Maidstone, UK) were injected at the same ﬂow rate. The primary data
obtained from the light scattering photometer and the refractometer were
captured and analyzed on a PC using the ASTRA (forWindows 98) software
supplied by the manufacturer. Because of the low injection concentrations
(,1.7 mg/mL) used followed by considerable dilution on the columns,
thermodynamic nonideality effects were not taken into consideration.
RESULTS AND DISCUSSION
Integrity and bioactivity
The monosaccharide composition of the PO2, PO5, and PO6
fractions is summarized in Table 2. Using the data from
Table 2, the ratio of arabinose/xylose was calculated to give
values of 0.73, 0.89, and 0.86 for PO2, PO5, and PO6, respec-
tively. In addition to arabinose and xylose, all the fractions
contain considerable amount of glucose and very small amo-
unt of galactose and rhamnose. The amount of ferulic acid
was also measured using spectrophotometer, with the highest
levels detected in the PO5 fraction. Only small amounts of
protein impurity were detected, as manifested by the low
levels of nitrogen.
Both mitogenic-comitogenic and complement ﬁxation ex-
periments (Fig. 2 a) showed that all three preparations of
heteroxylan were bioactive but to different extents. The di-
rect mitogenic effect was expressed as SImit ¼ mean cpm for
test compound/mean cpm for the control without stimulant.
The comitogenic effect was expressed as SIcomit¼mean cpm
(test compound1 PHA)/mean cpm for PHA. The mean cpm
for control cultures without any addition was 924 (704–
1143). For cultures incubated with PHA, the mean cpm was
1341 (1081–1601). The eventual contamination of the sam-
ples by endotoxin was checked in a parallel test performed in
the presence of polymyxin B, which inhibits the biological
effects of endotoxin including its mitogenic activity (59); this
was negative for all our samples. These results are reinforced
by the complement ﬁxation activity experiments for the
heteroxylans. In Fig. 2 b dose-dependent response curves are
used to represent the concentration of test sample able to give
50% inhibition of lysis (ICH50), where low ICH50 means
high complement ﬁxing activity. Here, low ICH50 means
high complement ﬁxing activity. It is evident from Fig. 2 b
that all three samples show clear activity.
Sedimentation velocity and molar
dissociation constants
The sedimentation distribution proﬁles for PO2, PO5, and
PO6 revealed a nearly quasicontinuous distribution, con-
ﬁrming the integrity of the sample preparation procedure
(Fig. 3). The distributions shown with s (Fig. 3 a) and log(s)
(Fig. 3 b) as the abscissae are apparent ones as they are not
corrected for diffusion or nonideality effects. The latter plot
TABLE 2 Composition analysis of heteroxylans PO2, PO5, and PO6
Sample PH FA Neutral sugar composition (mass %) Ara/Xyl molar ratio
(%) mgFA/g Rha Fuc Ara Xyl Man Glc Gal
PO2 9.8 19.9 - - 38.8 53.1 0.9 3.4 3.8 0.73
PO5 7.4 32.3 1.1 1.9 44.6 50.3 - 2.1 - 0.89
PO6 8.4 27.1 0.8 - 44.1 51.3 0.7 3.1 4.0 0.86
The protein content (% N 3 6.25) of the samples was ,0.5%. PH, phenolics determined as ethylacetate extract after alkaline hydrolysis (81); FA, ferulic
acid, determined according to Izydorczyk and Biliaderis (48).
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is also shown since polysaccharides usually exhibit a log-
normal distribution with regard to molecular weight (al-
though we do not know the functional dependence of s with
M for these polysaccharides). The so called c(s) procedure
popularly used in protein work for correcting for diffusion is
not applicable here since the assumption of a single frictional
ratio is invalid. Simulations of the g*(s) vs. s proﬁles were
performed based on what would be the expected distribution
for an ideal monodispersed monomer species with no self-
association (i.e., the breadth of the distribution being solely
due to translational diffusion); such a simulation is shown in
Fig. 3 a, top. Comparison of the experimental g*(s) s proﬁle
with that generated from a simulated ideal data for a mono-
meric system shows that the former proﬁle is a little broader
than the latter and a little more ‘‘skewed’’ toward the upper
end. This is exactly what would be expected for a simple
monomer-dimer system, on the basis of Gilbert and Gilbert
theory. Essentially, the polydispersity of the system is so low
that it would actually be difﬁcult, on the basis of our results,
to say with any certainty that the system is other than quasi-
monodisperse, and this is supported by the lack of symmetry
when we plot g*(s) log s (Fig. 3 b); a more symmetrical
distribution would be expected for a broader log-normal
distribution of molecular species. In regard to the possible
presence of higher n-mers of the (narrowly distributed with
respect to mass) base species (plural), we note that the g(s)
proﬁle returns to the baseline in the region above ;5S,
where any such higher species should contribute. This is
clear evidence for their absence on any signiﬁcant scale.
Thus we are not identifying an interaction which is other than
weak; this implies that at our working concentrations the
greater number of the species present in our narrow distribu-
tion of monomers will be in the nonassociated state.
The weight average sedimentation coefﬁcient of all three
samples at 20.0C and of PO5 at 5.0C as well as 30.0C
were then corrected to the sedimentation coefﬁcient under
the standard conditions of the density and viscosity of water
at 20.0C, s20,w. It was observed from plots for PO2 and PO5
that the sedimentation coefﬁcient (s20,w) values tended to
increase as the concentration is elevated (Fig. 4, a and b),
with this tendency in the order PO2.PO5. As this is an
effect of the opposite sign to what is predicted on the basis of
nonspeciﬁc interaction (above), we can be conﬁdent that a
speciﬁc interaction must be present, at least for PO2 and
PO5. PO6 by contrast appeared to show more normal be-
havior (Fig. 4 c). Since a self-association is evident, the data
of Fig. 4 were then ﬁtted using the algorithm MONOMER-
DIMER to yield estimates for s020;w and kd, the dissociation
constant (g/mL), and the data are presented in Table 3. To
convert kd values to molar dissociation constants, Kd, we use
the weight average Mw from SEC-MALLs (;32,700 g/mol)
for all samples. PO2 and PO5 are classical ‘‘weak’’ interac-
tions (Kds;340 and 660 mM, respectively), with PO6 show-
ing little or no interaction (Kd . 3000 mM).
Effect of temperature
In Fig. 5 we explored the effect of temperature on the self-
association. To facilitate the comparison (performed on PO5),
plots were of s20,w/s
0
20;w versus concentration. The ‘‘mono-
mer’’ and ‘‘dimer’’ lines refer to the 30.0C sample, which
FIGURE 3 Plots of (a) g*(s) vs. s (S) and (b) g*(s) vs. log(s) for PO2
(0.85 mg/mL), PO5 (0.75 mg/mL), and PO6 (0.85 mg/mL) at 20.0C. All
experiments performed at 20.0C at a rotor speed of 40,000 rpm. (c) Fitted
radial concentration distributions for PO5 at 20C superimposed on raw data
(upper) and distribution of residuals (lower). Scans were taken every 4 min,
other details as text. The single solid line is the time-independent noise
distribution or ‘‘baseline’’.
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shows the highest degree of s-c dependence as a conse-
quence of its elevated frictional ratio. The corresponding
‘‘monomer’’ and ‘‘dimer’’ lines for the 5.0C and 20.0C
data are omitted in the interest of clarity: they are much less
steep than the 30.0C lines. Interestingly the highest degree
of self-association occurred at 30.0C with a Kd of;140 mM
whereas, at 5.0C, there was no signiﬁcant self-interaction
(Kd . 3000 mM).
CONCLUSION
It is clear that the heteroxylan samples exhibit weak but def-
inite self-association phenomena in the order PO2.PO5.
PO6, an order corresponding to different severities of treat-
ment, with no evidence of statistically signiﬁcant association
for PO6. Temperature dependence studies indicate that the
interaction is hydrophobic in nature, with increasing tem-
perature increasing the strength of the interaction (60), and
the converse for lowering the temperature with no evidence
of statistically signiﬁcant association for PO5 when the
temperature is as low as 5C; there may be hydrophobic
or sticky patches on the polysaccharide backbone causing
neighboring molecules to associate in a weak or transient
fashion (Fig. 6). Hydrophobic interactions are not unex-
pected in polysaccharides since they can be amphiphilic in
nature, possessing both hydrophobic (carbon/hydrogen atoms)
and hydrophilic (oxygen-possessing) faces. It has been sug-
gested that ‘‘CCIs rely on this amphiphilicity as the driving
force for association, largely by removing the hydrophobic
faces from bulk aqueous solution’’ (61,62). What is unex-
pected is the weakness of the interaction—polysaccharides
generally interact either strongly or not at all (63).
FIGURE 4 Change in apparent sedimentation coefﬁcient, s20,w, with
concentration (corrected for radial dilution) for PO2, PO5, and PO6. The
broken lines are ﬁts given by the function MONOMER-DIMER. The dotted
lines are the theoretical concentration dependencies for monomers with no
self-association.
TABLE 3 Measured dissociation constants Kd
Samples Temp ( C) s020;w (S) kd (g/mL) Kd (mM)
PO2 20.0 2.10 6 0.05 0.011 340 6 50
PO5 5.0 2.60 6 0.02 .0.100 .3000
PO5 20.0 2.20 6 0.01 0.020 660 6 20
PO5 30.0 1.80 6 0.04 0.004 140 6 40
PO6 20.0 2.20 6 0.04 .0.100 .3000
FIGURE 5 Effect of temperature on the change in (a) apparent sedimen-
tation coefﬁcient s20,w and (b) s20,w/s
0
20;w with concentration (c) for PO5 at
5.0C, 20.0C, and 30.0C. The ‘‘monomer’’ (dashed) and ‘‘dimer’’
(dotted) lines refer to the 30.0C sample.
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Several works have reported interactions between car-
bohydrate moieties of glycoprotein/glycolipids, but only in
the presence of divalent cations (64–76) and some also
have reported effects independent of the presence of salt
(61,70,77–80). Bucior and Burger (76) studied the effect of
Ca21 concentration and suggested that adhesion force in-
creases (from 310 pN to 375 pN) with increase in Ca21
concentration from 10 mM to 100 mM.
Our ﬁnding is, to the best of our knowledge, the ﬁrst report
of a reversible weak self-association both in a polysaccharide
and a carbohydrate system not conjugated to a protein. Al-
though this particular weak interaction is not directly impor-
tant for the bioactive behavior of these substances, the fact
that we have demonstrated that carbohydrate groups are
capable of weak hydrophilic self-interactions—precisely in
the range that others have shown for proteins to be crucial for
molecular recognition—makes a signiﬁcant step forward in
our understanding of carbohydrates in both bioactivity and
other recognition processes: they may be capable of weak
interactions with receptor molecules, whatever they may be.
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